Introduction
Owing to weight reduction and structural simplification of recent railway vehicles, vertical bending vibrations in railway carbodies have become more evident. Vertical bending vibrations in railway vehicles are not only induced by vertical track irregularity but also affected by the rotation of wheelsets with small mass imbalances [1, 2] . It is known that the excitation force generated by the rotation of imbalanced wheelsets is transmitted from the bogie to the carbody through longitudinal connecting members such as traction devices (for example, single-link-type and Zlink-type) and yaw dampers. Since the natural frequencies of the major modes of carbody vertical bending vibrations [3, 4] are close to or coincide with the frequency of wheel rotation at running velocities of 80-130 km/h, vehicles on meter gauge lines are susceptible to excitation due to the rotation of imbalanced wheelsets. The vertical bending vibration of a carbody tends to be larger as the imbalance in the wheelsets increases. It is also difficult to keep imbalances sufficiently small. Therefore, it is necessary to suppress carbody excitation even if some imbalance exists.
Thus far, the authors have developed a displacementdependent rubber bush for single-link-type traction devices (DRBSL) to suppress the carbody excitation caused by imbalanced wheelsets [5, 6] and confirmed the effectiveness of the DRBSL in running tests on a commercial line. Moreover, unit testing of the DRBSL was carried out to examine its durability under a series of loading conditions [6] .
Not only traction devices but also yaw dampers are one of the paths of vibration transmission from the bogie to the carbody. In principle, displacement-dependent rubber bushes could also be applied to yaw dampers. In this study, therefore a displacement-dependent rubber bush for yaw dampers (DRBYD) was developed [7, 8] . This report first outlines the displacement-dependent rubber bush. Then it describes the results of rotating excitation tests conducted in the rolling stock testing plant at the Railway Technical Research Institute (RTRI) by using a test vehicle equipped with the DRBYD and running tests on a commercial line by using an express-type vehicle equipped with the DRBSL and the DRBYD. Since the yaw damper is the element that has influence on the dynamic stability of a vehicle, it is necessary to examine the influence of the DRBYD on running stability prior to vehicle running tests. It is also necessary to check the resilience of the DRBYD in the case of large deformation when the vehicle passes through sharp curves. This paper therefore also reports on the results of hunting stability tests and resilience tests.
Development of a displacement-dependent rubber
bush for yaw dampers
Outline of displacement-dependent rubber bush
Previous studies [5, 6] showed the excitation mechanism due to the rotation of imbalanced wheelsets, as shown in Fig. 1 : coupling of vertical bending vibration of a carbody and bogie longitudinal motion. According to these studies, the excitation force generated by the rotation of imbalanced wheelsets is transmitted from bogies to a carbody through traction devices and yaw dampers, and excitation of vertical bending carbody vibrations depends on the difference in the vibration phase between the front and rear bogies. If both bogies vibrate in counter phases, it is mainly bending vibrations such as those with a loop at the center of the carbody that are excited.
As countermeasures against such carbody excitation, vibration isolation along the connection point between the Vehicle Noise and Vibration Laboratory, Vehicle Structure Technology Division bogie and carbody was employed. A rubber bush is fitted to each end of the traction devices and yaw dampers. If these rubber bushes have sufficiently low stiffness, the transmission of excitation force from the bogies to the carbody can be reduced. In general, bogie motion followed by powered running and braking, or bogie hunting, is considered to have a low frequency component up to 5 Hz at most, which may cause the resultant force transmitted and rubber bush deformation to be relatively large. By contrast, the frequency of longitudinal bogie vibration that excites carbody bending is higher than 5 Hz, and the force transmitted and rubber bush deformation are supposed to be smaller. Considering these differences, a balance may be struck between the original purpose of the bush (transmission of forces such as driving and braking) and its vibration isolation properties, if the rubber bush is designed to have sufficient stiffness when subjected to low frequencies and large forces (large displacement), and less stiffness when subjected to higher frequencies and small forces (small displacement). Thus far, the authors have developed a displacement-dependent rubber bush for single-link-type traction devices, the stiffness of which is sufficiently high in the large displacement range and low in the small displacement range [5, 6] .
Development of a displacement-dependent rubber bush for yaw damper
We developed the DRBYD for meter-gauged railway vehicles [7, 8] . Figure 2 shows the outward appearance of the DRBYD. There is a small gap between the rubber and the inner fixture (pin), which provides the rubber bush with stiffness properties dependent on displacement. The transmission of excitation forces at high frequencies with small displacement is isolated by the gap. Note that an ordinary rubber bush has no such gap; in normal rubber bushes, the rubber is bonded to the inner fixture. The gap mentioned herein can be manufactured by skipping the bonding process between the rubber and the inner fixture. Figure 3 shows the structure of the inner fixture of the DRBYD. A through hole is formed in the center part of the inner fixture, and it is filled with rubber so that the rubber body can be retained when lateral forces (axial direction of inner fixture) are loaded as the vehicle runs through curved sections. In addition, the center part of inner fixture is made to be spherical in order to reduce rubber erosion around the small gap. Incidentally, the shape of a normal rubber bush is cylindrical. The designed static stiffness (K s ) of the DRBYD is 17.6 kN/mm (within ±10% tolerance), which is equivalent to that of the normal rubber bush used in the vehicle employed for the running tests, and its dynamic stiffness is 0.2 K s or below at frequencies above 8 Hz, which is equivalent to the design value of the DRBSL [6] . The static and dynamic stiffness were measured according to JIS (Japan Industrial Standards) K6385 [9] , and the results satisfied the design specifications.
Resilience testing using damper test equipment
As the DRBYD is not bonded to the inner fixture, its resilience was checked. A yaw damper with a DRBYD was installed in the damper test equipment at RTRI [10] , as shown in Fig. 4(a) , and lateral displacement (force) applied to the inner fixture (axial direction the inner fixture) of the DRBYD. This equipment applies arbitrary displacement to the damper by a motion system (a type of parallel-link mechanism). The displacement of the rubber was measured and the appearance of the rubber bush was observed visually during and after application of a lateral displacement of 62.4 mm to the inner fixture (Fig. 4(b) ). The lateral displacement of 62.4 mm was derived from the design value of the maximum relative lateral displacement and The through hole that is filled with rubber Spherical shape （Normal rubber bush：Cylinder shape）
Fig. 4 Resilience testing using damper test equipment
the rotation angle between the carbody and the bogie of the running test vehicle when it passes through a sharp curve. Figure 5 shows the appearance of the rubber bush in the test (a) when a lateral displacement of 62.4 mm was applied to the inner fixture and (b) when unloaded (when the yaw damper returned to its original position). As a result, no special phenomena, such as split between the inner fixture and the rubber, cracking and excessive deformation of the rubber, were observed in the test. Therefore, it can be concluded that the DRBYD has adequate resilience.
Performance tests at rolling stock testing plant
Since the yaw damper is the element that influences the dynamic stability of a vehicle, it is necessary to examine the influence of the DRBYD on running stability. The influence of the DRBYD on the vehicle's running stability was examined at the rolling stock testing plant at RTRI. The performance of the DRBYD in terms of suppression of carbody vibration due to rotation of imbalanced wheelsets was examined as well. The testing plant has eight rollers, and the cross-sectional shape of the rollers is almost identical to that of rails. By setting the entire vehicle on the rollers and rotating them, the running conditions of the vehicle can be simulated. Figure 6 shows appearances of the test at the rolling stock testing plant. The test vehicle has a stainless steel carbody shell similar to one of the most common commuter-type vehicles in Japan. The mass of the test vehicle when empty was 22.1 t. Normal rubber bushes or DRBYD were applied to the four yaw dampers (two dampers per bogie) of the test vehicle. 
Influence on running stability
In order to examine the influence on running stability, hunting stability of the test vehicle was evaluated. The rotation velocity of the rollers was increased in steps of 5 or 10 km/h up to 250 km/h, and three cycles of sinusoidal lateral displacement with an amplitude of ±3 mm and excitation frequency of 1 Hz were input to the rollers of 1st and 3rd wheelsets with every step increase in the rotation velocity. When the amplitude of lateral displacement of the axle box exceeded ±3 mm after excitation, it was assumed that bogie hunting was occurring, and the velocity at that time was considered to be the critical velocity of bogie hunting motion. Three yaw damper configurations were then tested: four yaw dampers (two dampers per bogie), two yaw dampers (one damper per bogie), and no yaw damper. Table 1 shows the results for the critical velocity of bogie hunting motion. The hunting motion appeared at a velocity of 240 km/h without yaw dampers. There were no distinct differences between the cases where the normal rubber bush and the DRBYD were applied, both with four yaw dampers and two yaw dampers. From this result, it is possible to conclude that the DRBYD does not negatively affect running stability. 
Confirmation of vibration suppression performance
In order to confirm the performance of the DRBYD in terms of the suppression of carbody vibration due to the rotation of imbalanced wheelsets, rotating excitation was applied and a vibration measurement test was carried out. The rotation velocity of the rollers was adjusted to 130 km/ h, and the vertical acceleration of the carbody was measured for 20 min. The rotation velocity of 130 km/h was determined to match the natural frequency of one of the major modes of the carbody bending vibration obtained by preliminary excitation tests. Figure 7 shows the root mean square (RMS) values of the acceleration data at the center of the carbody floor when the normal rubber bush and the DRBYD were applied. Compared to the normal case, the RMS value was lower when using the DRBYD. The performance of the DRBYD in terms of suppression of carbody vertical vibration was confirmed by this measurement result. 
Running tests on a commercial line

Test conditions
Vehicle running tests were carried out on a commercial line to confirm the effectiveness of the displacementdependent rubber bushes under actual service conditions. An express-type vehicle was used. The conditions of the vehicle were as follows: (i) Normal rubber bushes were applied to the yaw dampers and the single-link-type traction devices ( "normal" case hereinafter), (ii) DRBYD were applied (single-link-type traction devices equipped with normal rubber bushes), (iii) DRBSL were applied (yaw dampers equipped with normal rubber bushes). 
Results of running tests
It was assumed that excitation conditions due to the rotation of imbalanced wheelsets would fluctuate continuously because of minor differences in the diameter and slip displacement of the wheels. Therefore, we compared ride quality level (L T ) over a short time as first step. L T is a representative index for evaluating ride comfort on railway vehicles in Japan. The smaller the value of L T , the higher the level of passenger comfort. It is known that a difference of 3 dB in L T can be perceived by passengers [11] . Figure 9 shows (a) the velocity curve and (b) short time L T calculated from the vertical acceleration measured on the floor at the center of the carbody, plotted against running distance. In principle, L T is calculated using 3±2 minute data. However short time L T was calculated using 30 s data (clipped out every 10 s of measured acceleration data), in Fig. 9 (b). For both DRBYD and DRBSL, short time L T values were lower over most of the test section than in the normal case. The short time L T decreased by more than 3 dB in a few sections, e.g. 2-4 km and 9-10.5 km when using the DRBYD and the DRBSL, resulting in a sufficiently large improvement in the level of ride comfort to be detected by passengers. Figure 10 shows the power spectral density (PSD) of the vertical acceleration of the carbody floor calculated from the data measured while running at a constant velocity of 107 km/h (shaded section in Fig. 9(a) ) (a) just above the bogie and (b) at the center of the carbody. ΔL T in the legend shows the difference in L T between the different cases: normal, and when DRBYD or DRBSL were applied (a negative value denotes an improvement in ride quality). The rotational frequency of the wheelset at a running velocity of 107 km/h corresponds to the natural frequency of one of the vibration mode of the carbody bending vibration obtained in the preliminary excitation tests.
The sharp peak at around 11 Hz is due to bending vibration induced by rotation of the wheelsets. Compared to this peak value of in the normal case, the peak values with DRBYD and DRBSL were considerably lower. Moreover, L T decreased by more than 3 dB when using the DRBYD and the DRBSL at the center of the carbody. This fact indicates that the DRBYD and the DRBSL can improve ride comfort by suppressing the bending vibration induced by the rotation of imbalanced wheelsets. ΔL T measured right above the bogie (Fig. 10(a) ) was lower than that at the center of the carbody. Conceivably this is because the rigid body vibration of the carbody (vibration component 1-2 Hz) was affected more than the bending vibration of the carbody at the measurement point right above the bogie.
In order to understand the reduction in the vibration component corresponding to the rotational frequency of wheelsets in detail, a narrow band pass filter (BPF) including the rotational frequencies of wheelsets was applied to part of the measured vertical acceleration data (2.5 km of test section, shaded section shown in Fig. 9 (a) ), and the RMS values were calculated. Figures 11 and 12 show the RMS values of the band-limited acceleration data corresponding to running velocities of 107 km/h (BPF: 10-12 Hz) and 118 km/h (BPF: 11-13 Hz), respectively. In these figures, the RMS values were normalized with the normal case calibrated at 100%. A considerable reduction in RMS values can be seen in the cases where DRBYD and DRBSL were applied, at both measurement points in Fig. 11 . Compared to the normal case, the RMS value was reduced by more than 50% when using the DRBYD, and the RMS value was reduced by approximately 80% when using the DRBSL. Almost the same result was also observed at another running velocity as shown in Fig. 12 . From these results, the effectiveness of the DRBYD and the DRBSL in suppressing carbody excitation due to an imbalance in wheelsets was confirmed.
According to the running test results obtained in this study, the effect of the DRBYD on suppression of vertical carbody vibration was less than that of the DRBSL (DRBYD versus DRBSL, see Figs. 10 (ΔL T ), 11, and 12 (RMS values)). However, this tendency may vary depending on the type of vehicle and running conditions (running velocity and running section). Given that this study confirmed the effectiveness of the DRBYD in addition to the DRBSL, it will be possible to select whether DRBSL or DRBYD should be applied, depending on the vehicle type and running conditions. 
Conclusions
The authors developed a displacement-dependent rubber bush for yaw dampers to suppress the vertical vibration of carbodies induced by the rotation of imbalanced wheelsets. The devised rubber bushes have a small gap between the rubber and inner fixture, which provides the rubber bush with displacement-dependent stiffness properties.
Resilience tests using damper test equipment and hunting stability tests in the rolling stock testing plant at RTRI were performed, which produced good results. Finally, a running test on a commercial line was conducted to confirm the vibration suppression performance of the devised rubber bushes. The results of the running test show that the vertical carbody vibration induced by the rotation of imbalanced wheelsets was reduced and that ride quality improved when using the developed displacement-dependent rubber bushes for yaw dampers in addition to singlelink-type traction devices.
Before the displacement-dependent rubber bush can be introduced into service, the effect of incoming dust into the small gap and changes in its properties over time need to be investigated. Therefore, work will continue to develop the displacement-dependent rubber bush. 
